The fall cone device may be preferable to the Casagrande cup for the determination of liquid limits 6 because it is based on a firm theoretical background and maintains a high degree of operator 7
INTRODUCTION 19
In the United States the Casagrande cup and thread-rolling procedures (i.e., ASTM D4318-20 10) are the primary means for measuring two of the consistency limits (liquid limit, LL; plastic 21 limit, PL) of soils (shrinkage limit, SL, is the third). While these procedures have the benefits of a 22 significant historic record of use, they can be difficult for new users to perform correctly (Bowles 23 1992) . Furthermore, repeatability across users or laboratories can sometimes be an issue ( The fall cone test provides an alternative means for measuring the LL and PL of soils and 35 problem: affordable devices leave the judgment of a predefined duration of penetration up to the 86 user. Fall cone apparatuses are available with a solenoid to precisely control duration of 87 penetration, but these are significantly more expensive than a user-operated mechanical device. 88
Two inexpensive data collection techniques were developed to retrofit the fall cone devices which 89 eliminate the user judgment problem and provide unique time-displacement data. The first is a fall 90 cone image processing technique (hereinafter referred to as the FCIP method) which uses 91 inexpensive image sensing and processing technology. The second is the use of an LVDT and a 92 digital multimeter to measure cone displacement (hereinafter referred to as the LVDT method). 93
Both of these techniques produce accurate displacement measurements at a precise duration 94 (within ± 0.04 s for FCIP and within ± 0.002 s for LVDT using the hardware systems described 95 subsequently) resulting in accurate liquid limit measurements. 96
The FCIP Method 97 FCIP uses particle image velocimetry (PIV) to track the motion of the cone. GeoPIV 98 (White et al. 2003 While a research-grade high speed camera may yield improvements in measurement density, the 105 authors believe that the additional costs associated therewith (as much as tens of thousands of 106 dollars) are not justified. The webcam is controlled using a MATLAB ® script that records image 107 files with a simultaneous timestamp. The MATLAB ® script is presented in Appendix A. A paper 108 target is attached to the cone, and a scale grid is positioned to be in-frame and in the same plane 109 as the target motion. At the conclusion of the test, GeoPIV is used to track the frame-by-frame 110 motion of the target, resulting in pixel displacements. To transform pixel displacements to physical 111 displacements, a scale factor is determined using the scale grid. The displacements from each 112 image are then plotted versus time, allowing the user to determine displacement at a desired time 113
(typically 5 seconds) within a tolerance of ±0.04 seconds. A flowchart conceptualization of the 114 FCIP method is shown in Figure 1 Depending on the frame rate and shutter speed of the camera used, some images at the 119 beginning of the test may be blurry due to the rapid motion of the cone (approximately 0.5 m/s; 120 Hansbo 1957) . In order to accurately track the target using GeoPIV, the blurry images are manually 121 omitted. The timestamps from these images must also be omitted to ensure proper data alignment. 122
This results in data sparsity at the beginning of the test (within the first 0.2 seconds), but does not 123 affect later measurements. In order to minimize the effects of camera lens distortion, the camera 124 is positioned so that the entire range of target motion remains in the middle third of the camera's 125 field of view. 126
The LVDT Method 127
The LVDT method uses an LVDT to measure displacement of the cone rod during 128 penetration (Figure 2 ). The LVDT used in the current work is a Sangalmo-Schlumberger ACR50. 129
An AC excitation was supplied by a Validyne CD148 Carrier Demodulator, which outputs a DC 130 signal. The CD148 is mounted in a Validyne MC1 Chassis and powered by a Validyne PM212. 131
The DC output is measured and recorded by an Agilent 34925A multiplexer installed in a 34980A 132 digital multimeter (DMM). The authors compiled this system using equipment that was already 133 available in the laboratory, but any system with an LVDT of sufficient displacement capacity 134 (⪆40 mm) that does not increase system mass to a point at which depth of penetration is too large 135 (see Equation 2), and a DMM with at least 5 digits of accuracy would be adequate. The components 136 necessary to assemble a system meeting these specifications (i.e., a multimeter, an LVDT, and a 137 power supply) can be found online for less than $1400 (in March 2013), but it is likely that any 138 well-equipped laboratory will have them already on hand. A schematic of the data acquisition 139 (DAQ) system is shown in Figure 1 because it is 100% passing the #40 sieve ( Figure 4 ) and both ASTM 4318-10 and BS 1377 require 164 that consistency limit tests be performed on the fraction of material passing the #40 sieve. Thus, 165 the sand-clay mixtures could be tested as-prepared, as opposed to sieving out the coarser material. 166
For each material considered, four specimens at different water contents were prepared: 167 two dry of the anticipated liquid limit and two wet of the anticipated liquid limit. Samples were 168 mixed with de-ionized water, placed in sealed containers, and allowed to cure for at least 24 hours 169 prior to testing. Each specimen was first tested in a Casagrande apparatus in accordance with the 170 multi-point method outlined in ASTM D 4318-10. After testing with the percussion cup method, 171 a small amount of water was added to each of the four specimens to replace that which was lost 172 due to evaporation during testing. The specimens were again allowed to cure for 24 hours.
For fall cone testing, specimens were prepared in the standard 40 mm × 55 mm cylindrical 174 brass cup by a combination of spooning material into and tapping of the cup. Specimens were 175 tested in the modified fall cone with penetration duration longer than 5 seconds, obtaining data 176 from both the LVDT and FCIP methods simultaneously. After two consecutive tests were 177 completed with final penetrations within 0.5 mm, or three consecutive tests with final penetrations 178 within 1 mm (cf. BS 1377-2), a sample was removed from the cup for water content determination. 179
If a consecutive trial resulted in penetration greater than 1 mm difference from the previous trial, 180 the specimen was removed from the cup and remixed with its host water content sample, and then 181 retested. After a successful test at a given water content with the modified fall cone, that water 182 content sample was then tested in accordance with BS 1377 using an unmodified fall cone device. 183
Penetration duration was manually limited to 5 s using a stopwatch. Care was taken to prevent 184 excessive desiccation of the specimens by keeping material in sealed containers when not being 185 Another significant advantage of the fall cone test is that it may also be used to determine 214 the plastic limit (PL) of a soil using the same set of measurements as is used for LL determination 215 equation (1) implies that the penetration depth at the plastic limit should be 1/10 th of that at the 221 liquid limit (i.e., dPL = dLL/10). Thus, the water content at the PL may be calculated as: 222
Feng (2001) showed that the ratio of PL calculated using this approach and that from traditional 224 thread rolling generally varied from 0.8 to 1.2. Measured and computed PL values for the soils 225 considered herein are presented in Table 2 . 226
The results presented in Tables 1 and 2 (Table 1 ). An interesting outcome of this observation is that existing 233 correlations of other engineering properties to the consistency limits may still be applicable for 234 measurements made with the modified fall cone device but that the engineer must use best 235 judgment when employing any relationships originally developed using data from Casagrande cup 236 or thread rolling tests. However, when faced with particularly difficult soil conditions, it is unlikelythat an engineer would rely solely on empirical correlations for final design, and thus, the 238 divergence of response between the two methods has few practical implications beyond initial site 239 characterization and soil classification work. We hypothesize that the differences between the two 240 methods are a function of the vagaries of the percussion cup and thread rolling procedures, but 241 further work is clearly needed. 242
Each test performed with the modified fall cone device also yielded two time-displacement 243 data sets. A typical set of these data (time-truncated to show in detail the cone motion) are shown 244 in Figure 6 . As a final method of technique validation, the time-displacement data from the FCIP 245 and LVDT methods are compared to the analytical solution to cone motion derived by Hansbo 246
where t is time, g is acceleration due to gravity, z is penetration at time t, h is total depth of 249 penetration, and ξ is a dummy variable of integration. Note that the data sparsity in the FCIP 250 method only allows comparison after initial cone motion, but the LVDT method shows the same 251 cone motion as Hansbo's (1957) solution. 252
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 253
Two inexpensive automated data collection methods for the fall cone test are proposed. 254
These methods provide a new opportunity for students to explore soil consistency theory and for 255 researchers to characterize and classify soils in a robust, repeatable, theory-based manner. In 256 practice, the measurements can be automated using simple data acquisition procedures 257 implemented with modular equipment that is likely already available even in modest laboratories. 
